TAIWANESE JOURNAL OF MATHEMATICS

Vol. 18, No. 1, pp. 115-126, February 2014

DOI: 10.11650/tjm.18.2014.3157

This paper is available online at http://journal.taiwanmathsoc.org.tw

ON I-STATISTICALLY PRE-CAUCHY SEQUENCES

Pratulananda Das and Ekrem Savas

Abstract. In this paper we continue our investigation of the recent summability
notion of 7—statistical convergence introduced in [8, 26] (where a new extension
of the notion of natural density and statistical convergence was proposed using
the notion of ideals of the set of positive integers N) and introduce the notion
of I-statistically pre-Cauchy sequences in line of [3]. We mainly show that
I—statistical convergence implies I—statistical pre-Cauchy condition and give
certain sufficient conditions for the converse to be true.

1. INTRODUCTION

The idea of convergence of a real sequence was extended to statistical convergence
by Fast [12] ( see also Schoenberg [28] ) as follows : If N denotes the set of natural
numbers and K C N then K (m,n) denotes the cardinality of the set K N [m, n]. The
upper and lower natural density of the subset K is defined by

K(1 K(1
d(K) = lim supM and d(K) = lim infM.
n

n—oo n n—oo

If d(K) = d(K) then we say that the natural density of K exists and it is denoted
. K(1
simply by d(K). Clearly d(K) = lim M
n—oo

A sequence {z,}nen Of real numbers is said to be statistically convergent to L
if for arbitrary ¢ > 0, the set K(¢) = {n € N : |z, — L| > €} has natural density
zero. Statistical convergence turned out to be one of the most active areas of research
in summability theory after the work of Fridy [13] and Salat [23]. More initial work
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on this convergence can be found from [3, 1, 2, 14, 15] where other references can be
found.

In particular in [3] a very interesting notion was introduced, that of statistically
pre-Cauchy sequences and it was shown that statistically convergent sequences are
always statistically pre-Cauchy and on the other hand under certain general conditions
statistical pre-Cauchy condition implies statistical convergence of a sequence (and so
one do not have to guess the limit of the statistically convergent sequence beforehand).

The idea of statistical convergence was further extended to 7-convergence in [17]
using the notion of ideals of N with many interesting consequences. More investigations
in this direction and more applications of ideals of N can be found in [4, 5, 6, 7, 8,
11, 20, 21, 22, 24, 25, 26, 27] where many important references can be found.

Recently in [8, 26] we used ideals to introduce the concept of I-statistical conver-
gence which naturally extends the notion of statistical convergence and studied some
basic properties of this more general convergence. Very recently further work on such
summability methods have been done in [9, 10].

As a natural consequence, in this note, we continue our investigation of 7 —statistical
convergence and introduce the notion of I-statistically pre-Cauchy sequences in line of
[3]. We mainly show that I—statistical convergence implies I —statistical pre-Cauchy
condition and give certain sufficient conditions for the converse to be true.

2. MaIN REesuULTS

We first recall some basic definitions and notions which will be needed.

Definition 2.1. A non-empty family I c 2~ is said to be an ideal of N if
@ A,Belimply AUB €I,
(b)Acl,BC Aimply Bel.

Definition 2.2. A non-empty family F' c 2" is said to be a filter of N if
(@0¢F,
(b) A,Be Fimply ANB € F,
(c Ac F,AC Bimply Be F.

if I is a proper nontrivial ideal of N (i.e N ¢ I, I # {@}) then the family of sets
F(I)={McN:3Ael, M =N\ A} is a filter of N. It is called the filter
associated with the ideal I.

Definition 2.3. A proper ideal [ is said to be admissible if {n} € I for eachn € N.

Throughout I will stand for a proper admissible ideal of N, and by a sequence we
always mean a sequence of real numbers.

Definition 2.4. [17]. (i) A sequence {z,}, . Of real numbers is said to be
I—convergentto L € Rif foreache > 0,theset A(e) ={n e N: |z, — L| > ¢} € I.
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(i) The sequence {xy,}, . is said to be I*— convergent to L € R if there exists
M € F (I) such that {x,},.,, converges to L.

Definition 2.5. [8, 26]. A sequence {z,},y is said to be I —statistically conver-
gentto L or S (I) — convergent to L if, for each ¢ > 0 and § > 0,

1
{neN:E\{kSn:\xk—L\ 25}\25}61.
In this case we write z;, — L (S (I)). The class of all [—statistically convergent
sequences will be denoted simply by S (7).
We now introduce the main definition of this paper.

Definition 2.6. A sequence {xx}, . is said to be /— statistically pre-Cauchy if,
forany e > 0 and 6§ > 0,

1 . )
{neN:ﬁ\{(],k):\xk—xj\Za, ],kﬁn}\zd}el.

Theorem 2.1. An [ —statistically convergent sequence is I —statistically pre-Cauchy.

Proof. Let x={xy},cy be I—statistically convergent to L. Let €, >0 be given.
Now

1 €
= D= <n: — L >=: 2 .
c {neN n’{k_n |zg L\_QH_(S}GI

Then for all n € C°¢ where ¢ stands for the complement,

1 e
_ < . _ >
n’{k_n | L\_QH<5

1
ie. —Hkgn: lop — L| < EH >1-4.
n 2
Writing B, = {k <n: |z, — L| < 5} we observe that for j,k € B,

e €
\a:k—a:j\S\xk—L\+\x]~—L\<§+§:5.

Hence
Bn XBn - {<]7k> : ‘fL’k—[B]‘ <€7 ],kS'I’L}

which implies

B> 1. .. |
[‘n‘] Sﬁ‘{<37k>:‘xk_$j‘<€, ]’kgn}‘.
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Thus for all n € C*,

1 _ |B,|1? 2
ﬁ‘{(]7k>‘xk_x]‘<€u ]7k§n}‘2 T >(1_5>

o1 . .
e s (G, k) s |oe —xi] > e, G k<n}<1—(1-0)>°.
Let 6, > 0 be given. Choosing § > 0 so that 1 — (1 — §)? < &, we see that Vn € C°
1 _ .
) H k) |lop —xj| > e, jk<n}| <&
and so .
{neN: ﬁ\{(j,k):\xk—xj\ >e, j,k<n} 251} cC.

SinceC 1, s0
1 . )
{neN:ﬁ\{(],k):\xk—xj\Za, ],kﬁn}\Zél}GI

and this completes the proof of the theorem. ]

In the following we give a necessary and sufficient condition for a sequence to be
I—statistically pre-Cauchy.

Theorem 2.2. Let x = {x1}, be a bounded sequence. Then x is I —statistically
pre-Cauchy if and only if

o1
I- hgnﬁ Z |z, — x| = 0.
Jk<n
Proof.  First suppose that
o1
I— hinﬁ Z |z — ] = 0.
Jk<n
Note that for any ¢ > 0 and n € N we have
1 1 _ .
2 X o ze (G HGR) ool 2o <),
Jk<n

Hence for any § > 0,

1 . .
{neNﬁ\{U,m:\xk—mz@, y,kSn}\za}

1
C{nEN:ﬁ Z \a:k—a:j\zda}.

Jk<n
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. 1 . .
Since I —lim—; Y |z, — 2| = 0 so the set on the right hand side belongs to T
=
which implies that

1 . )
{neN:ﬁ\{(],k):\xk—xj\Za, ],kﬁn}\zd}el.

This proves that x is I—statistically pre-Cauchy.
Conversely suppose that x is [—statistically pre-Cauchy. Since x is bounded, 3 a
B > 0 such that |x;| < B Vk € N. Let 6 > 0 be given. For eachn € N,

1 € 1 ) e .
— E |z, — x| < =+ 2B —2’{(],k):\xk—xj\2—, ],kSnH )
ns 4= 2 n 2

]7 —n

Since x is I—statistically pre-Cauchy, for 6 > 0,

1 . € .
C’:{neN:ﬁH(],k):\xk—mﬂZ? ],kSnHZé}GI.

Then for n € C¢

1

SN m—a 25 jk<n}| <o

I3
57
and so

1 €
s Z |z, — 2] < §+2B5.
Jk<n

Let 91 > O be given. Then choosing ¢,0 > 0 so that § + 2BJ < é; we see that

Vn € C°,
1
ﬁ Z \xk—xj\ < i1
Jk<n
i.e.
1
neN:— Z lzg, — x| > 01 p CC el
" jkzn
This proves the necessity of the condition. ]

We now present a sufficient condition under which an I— statistically pre-Cauchy
sequence can be I —statistically convergent.

For the next theorem we first recall the following definition of 7—limit inferior [11]
(see also [20]).
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Definition 2.7. Let I be an admissible ideal of N and let z = {x,}, be a real
sequence. Let
Ay={aeR:{k:ar<a} ¢I}.

Then the I—Ilimit inferior of x is given by

inf A, if Ay # @

I_hmmfx:{oo, if A, = .

It is known (Theorem 2, [11]) that 7 — lim inf & = « (finite) if and only if for
arbitrary € > 0,
{k:zpr<a+et ¢l and {k:ap<a—ce} el

Theorem 2.3. Suppose z = {w},cy IS I—statistically pre-Cauchy. If z has a
subsequence {xy, }, .y Which converges to L and

1
0<I—1liminf—|{pxr <n:keN} <oo
n n

then z is I—statistically convergent to L.

Proof. Let ¢ > 0 be given. Since li]?a xp, = L, choose T' € N such that

|z; — L| < 5 whenever j > T and j = p; for some k. Let A = {py, : pr. > T, k € N}
and A (e) = {k: |z — L| > }. Now note that

1 ) € .

1 .
s > Xagyxa (4, k)
Jik<n

v

1 1
= e <nipp€ A} —[{k<n: o~ L[ 2 e}
Since x is I—statistically pre-Cauchy, for 6 > 0,
1 . .
C:{neN:jl{(],k):\xk—xj\ > -, ],kﬁn}’ Z(S}EI.
n
Thus for all n € C°,

2.1) %H(j,k):\xk—xj\z j,kgn}’<5.

g
27

Again since I — liminf L [{p; <n:k € N}/ =b(say) > 0, s0

1 b
{neN:E\{pkgn:keN}\<§}:D(say)el
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and so Vn € D¢

(2.2) 1\{ <n:keN >

From (2.1) and (2.2) it now follows that Vn € C°N D¢ = (C UD)“,
1 26

Let 5; > 0 be given. Then choosing § > 0 such that 22 < §; we see that Vn €
(CuD)*

—Hk<n:lzy—L| >e}| <
n

1
i.e.{neN:E\{kSn:\xk—L\25}\25}CC’UD.

As C, D € I so CUD e I and consequently the set on the left hand side also belongs
to I. This shows that = is 7— statistically convergent to L. ]

In order to give an example of a sequence which is I—statistically pre-Cauchy but
not [—statistically convergent we first observe that every I—statistically convergent
sequence must have a convergent subsequence which is convergent in the usual sense.
As this observation is not at all straightforward as the statistical case, we give a proof
below.

Let x = {xx},cy be I— statistically convergent to L. For ¢ = ¢ = 1 we have

1
C:{neN:g\{kSn:\xk—L\ 21}\21} el
Since C' # N (as I is non-trivial), choose n; € N\C. Then

1
—\{kﬁnl:\xk—L\Zl}\<1
ni

1
zen—\{k <ny:|zp—L| <1} >0.
1

Hence there exists a k1 < ny such that |z, — L| < 1. Again taking ¢ = § = % we
have

1 1 1
D=<neN:—Rk<n:|lzy—L|>=-pl>=-7 €l
n 2 2
Since I is admissible, we have

DU{1,2,...3n;} € I.



122 Pratulananda Das and Ekrem Savas

Again as N ¢ I, choose ny € N such that ny ¢ D and ny > 3ny. Then

1 1 1

— Rk < : — L > =53 <=

na { s nz o ‘—2}’ 2

1 1 1
e.— [k <mno: —Li<=}>=.
zen2{ <ng: |z | 2} 5

Note that if |z — L| > 1 V&, ny < k < ny, then

1

n2

1 ni 1
k< : — L — < —= < —=.
{ <2l ‘<2}’_n2 3

Consequently there must exist a k, ny < k < ny for which |z, — L| < % Write this &
as ko. Evidently ko > k. Proceeding in this way we can obtain an increasing sequence
of indices {ky < ko < ks < ...} such that |zx, — L| < % Evidently {xkj}jeN is then
convergent to L.

In view of the above fact Example 8 [3] actually serves our purpose. We reproduce
that example for the sake of completeness.

Example 2.1. Define the sequence x = {4}, as follows. For m, &k € N such
m
that (m — 1)! <k < m!setz, = > 1 and z = {x}}, . Since = has no convergent

i=1
subsequence so it can not be I—statistically convergent. However this is statistically
pre-Cauchy (see [3] for details) and so I —statistically pre-Cauchy since I is admissible.

Next we present an interesting property of I —statistically pre-Cauchy sequences in
line of Lemma 4 [3].

Theorem 2.4. Let x = {z}}, be a sequence and (o, 3) is an open interval
such that =y ¢ (o, 8) Vk € N. Write A = {k: 2 <a} and B = {k: x; > 3} and
further assume that the following property is satisfied:

(%) limsup D,, (A) — liminf D,, (A) < v
for some 0 < v < 1. Then if x is I—statistically pre-Cauchy, either

I —1limD, (A) =0 or I—1limD, (B) = 0.
Here as usual D, (A) = 2 [{k <n:k e A}|.

Proof.  First observe that B = N\A and so D,, (B) =1— D,,(A) ¥Yn € N. The
proof will be complete if we can show that / — limD,, (A) =0 or 1.
Note that !
Ax B CA{(j,k):|zrg—xj| >0 —a}.
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Since x is I—statistically pre-Cauchy, it follows that
.1 . .
I— h?rlnﬁ‘{(j?k) : ‘[Bk —[B]‘ > 6_ «, jak < n}‘
= I —1imDy, (A) [Dn (N\A)]
= I—1limD, (A)[1 - D, (A)] =0.

Now from the definition of I—convergence it follows that

{neN:Dn(A)[l—Dn(A)]Z%}eI

%} =M (say) € F (I).

Clearly Vn € M, then either D,, (4) < 1 or D,, (A) > 2.
If D, (A) < 5 V¥n € My C M for some M; € F(I) then I — limD,, (4) = 0.

This is because for any ,0 < ¢ < % from the definition of I—convergence we get

{neN:D, (A)[1 - D, (A)] <e*} =M, (say) € F(I).

i.e. {n eEN:D,(A)[1-D,(4)] <

Taking My = M; N M, we see that My € F'(I) and
D, (A) <e VYn € M,.

Similarly if D, (A) > 2 Vn € M3 C M for some Mz € F (I) then we can show that
I —1limD,, (A) = 1. If neither of them holds then we can find an increasing sequence
n

of integers {n; < ny < n3 < ny...} from M such that

1 .
D,, (A) < < when i is odd,
(2.3) 5
D,, (A) > 3 when 4 is even.
Clearly (1.3) implies that

(2.4) limsupD,, (A) — liminfD,, (A) >

Wl

We again start the above process and see that
1
{nEN:Dn(A)[l—Dn(A)] < E} = M (say) € F (I)

which consequently implies as above that either I —limD,, (A) = 0 or I —limD,, (A) =
1 or if neither holds then

(2.5) limsupD,, (A) — liminfD,, (A) >

)
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Proceeding in this way we observe that the process stops only when we get either

I —limD,, (A) =0 or I —limD,, (A) =1 and if it does not stop at a finite step then
n n

we will have

=1

-2
limsupD,, (A) — liminfD,, (4) > lim—
n n n n
which is a contradiction to our assumption (). This completes the proof of the
theorem. -

Remark 1. For A € N if I — limd [{k < n:k € A}| exists we can say that the
n

I—asymptotic density of A exists and denote it by d; (A) .Therefore the above result
can be re-phrased as:

if x = {xp},c IS I—statistically pre-Cauchy and z, ¢ («, 3) Vk € N and for the
set A={k:xzr <a}, limsupD,, (A)—lim i%fDn (A) < v for some 0 < v < 1 then

dr(A)=0or 1.

It should be mentioned in this context that for I = I;,, the above result holds
without any additional assumption (see [3]). For our final result we assume that I
is such an ideal and = = {xx},cy is such that the above result holds without any
additional assumption i.e.

(#x) If 2 = {xp} o is 1 statistically pre-Cauchy and x;. ¢ («, 3) Yk € N then
either dy ({k: zx < a})=0o0rd; {k:zr > p}) =0.

Before we prove our final result, we introduce the following definition.

Definition 2.8. A € R is said to be an I—statistical cluster point of a sequence
x = {x} }cy OF real numbers if for any € > 0

dy ({k : |z, — Al < €}) # 0.

For I = Iy;,, I—statistical cluster points become statistical cluster points [14] and
as in [14] it can be shown that the collection of all 7—statistical cluster points is a
closed subset of R.

Theorem 2.5. Let x = {x1}, . be an I —statistically pre-Cauchy sequence having
an [ —statistical cluster point. If the set of limit points of = is no-where dense then z
is I— statistically convergent under the hypothesis ().

Proof. We follow the line of proof of Theorem 5 [3]. Let A € R be an
I—statistical cluster point of x. Then for any ¢ > 0, d;f ({k: |z — A| <¢e}) # 0.
Assume that = is I —statistically pre-Cauchy satisfying the hypothesis (xx) but = is not

I —statistically convergent. Since z is not I— statistically convergent so there is an &
such that d; ({k e = A < 5}) = 0. Without any boss of generality we can assume

that d;({k:xk g/\—5}> £ 0.
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We claim that every point of (/\ - é, /\> is a limit point of x. If not, then we can

find

an interval (o, 3) C (/\ — é, /\> such that z ¢ (o, 3) Vk € N. From above it

immediately follows that both {k : x; < «} and {k : z; > (B} have subsets whose
I-density are not zero and so d; ({k: zp < a}) # 0 and d; ({k : xzx > (}) # 0. But

this

contradicts the hypothesis (xx) . Hence = must be I —statistically convergent. m
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